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John S. Kauer SS#133-34-4857

PROGRESS REPORT ON CONTRACT N00014-90-J-1560

CONTRACT TITLE:
Development of a Mathematical Description of the Olfactory Bulb, Validated with Intra-

cellular and Voltage-Sensitive Dye Recordings.

RESEARCH OBJECTIVE:
The objective of this work is to develop a detailed mathematical description of the func-

tion of the olfactory epithelium and bulb in the tiger salamander, an animal from which we, and
others, have obtained substantial morphological, biochemical, physiological and behavioral
information. This project focuses especially on incorporating the information available about the
numbers of cells, their connectivities, and the single cell and ensemble physiological responses
using voltage-sensitive dye fluorescence, into the model.

ABSTRACT
The encoding and neural integration of molecular signals are processes that underly all

nervous system functions and are crucial for an organism's ability to recognize chemical
compounds in the environment. As a sensitive, broad-spectrum molecular (odor) detector, the
sense of smell serves as a model system for studying neuronal, molecular receptors and informa-
tion processing in synaptic circuits. Central nervous system regions involved in olfaction medi-
ate life-sustaining behaviors such as food-finding and mate recognition in animals and are the
sites of devastating pathologies that include epilepsy, schizophrenia, and Alzheimer's disease in
humans. Despite the clinical and basic neurobiological importance of this system, little is known
about how molecular, odor information is acquired, processed and integrated by the brain.

The long-term aim of this research is to understand how odors are encoded and integrated in
the olfactory pathway. To do this, one must study how olfactory neurons function both as single
elements and as cooperative members of synaptic networks when stimulated with odors. Our
approach has been to develop an animal model (the tiger salamander) which can be electrophys-
iologically studied after stimulation using controlled odor delivery and from which odor-guided
behavior can be obtained. In single cell recording studies this preparation has permitted precise
correlation of odors with extra- and intracellular receptor and mitral/tufted unit responses. For
recording from cell assemblies and networks we have used the salamander to develop a new
method for dynamic recording from the olfactory epithelium and bulb using real-time imaging
of voltage-sensitive dye fluorescence.

We have several on-going studies in which we are investigating single cell and ensemble
responses from the olfactory pathway. The present report describes the development of a
mathematical model of the anatomical properties and physiological events we have observed
using the approaches described above. In the course of developing this model, we have found
that the process of having to minutely characterize each and every neuronal event in formal
mathematical terms has greatly clarified our conceptualization of these processes, specifically
highlighting those data which are lacking and emphasizing those events which have been poorly
thought through. We think that the ability to develop such a formal description of neurophysio-
logical events in the olfactory bulb in the context of being able to actually record from single
cells and the overall network, provides a unique opportunity to validate the mathematical models
we, and others, have developed.

METHODS
We use a series of linked differential equations which describe the responses in cells making

up a somewhat simplified synaptic network representing the olfactory epithelium and bulb of the
salamander. The program is written in 'C' and has been run on a variety of computational plat-
forms, including a 16MHz 80386 with a 80387 math coprocessor, a 33 MHz 80386 with a



"Weitek 3167 math coprocessor, and most recently (and most efficiently) a 33 MIz 80486 with a
40 MHz Microway i860 co-processor board.

We have included 1000 receptor cells, 20 primary dendrites of mitral cells in the glomer-
uli (hereafter referred to as glomerular elements), 10 periglomerular cells, 10 mitral cells, and
1000 granule cells (see Fig. 1) into the model. There are more 'glomerular' elements than 'mi-
tral' elements because, in the salamander, mitral/tufted cells have more than one primary den-
drite. Although, at this stage of development, the number of mitral cells is small, the use of
numbers in these ratios allows us to approximate the patterns and degrees of convergenence and
divergence among the various cell types. The most recent implementation, on the i860 co-proc-
essor, is approximately 20 times faster than the implementation on the 33 MHz Weitek chip,
thus allowing us to potentially enlarge the model at least 5 times and still be able to carry out
computations representing 2 seconds of real time in 2-3 minutes of computer time. We believe
rapid computation of the model's behavior is critical for effectively examining large numbers of
parameter permutations.

Activity in each cell is represented as a value in a matrix representing membrane poten-
tial (e.g. the membrane potential in the nth receptor cell is designated 'rec[n]'). We use mem-
brane potential as the response parameter of each cell because we can measure this directly in
our intracellular and voltage-sensitive dye recordings and because it effectively represents all
events ocurring in the cells, not just those associated with action potentials. Thus there is a
matrix for each cell type of the following sizes: rec[1000], glom[20], pg[10], mit[10], grilO000].

In addition to these 'response matrices', w- have set up 'connectivity matrices' which
define the connections between cells, for example between the nth receptor cell and jth glomeru-
lar element or the kth periglomerular cell and jth glomerular element. These are two dimension-
al matrices in the form of recglom[recnum][glomnum], to indicate the magnitude and sign of
the connections between, in this case, any one receptor cell and any one glomerular element. As
an illustration, one might define a strict point-to-point mapping of the first 100 receptor cells
onto the first glomerular element, the second 100 receptor cells onto the second glomerular
element and so on. Or, more realistically from what we know of the mapping of peripheral
receptors onto glomeruli in the salamander, we might connect the first 30 receptor cells to the
first glomerular element and the next 60 to each of the other nineteen glomerular elements equal-
ly. We are presently in the process of examining the effects of manipulating these kinds of
connectivity parameters.

To calculate the membrane potential of a particular mitral cell, for example, we evaluate the
magnitudes of the inputs from all cells impinging on that mitral cell, modified by their connec-
tivity coefficients. For a particular receptor to mitral connection, this consists of adding the
response of the receptor cell times the strength of its connection. This calculation is also modi-
fied by other factors that occur at that site (e.g. synaptic decay constants, whether spikes are
elicited, etc.). The calculation is also multiplied by a time step which limits the degree of extrap-
olation to the next time point. In our calculations this time step is allowed to represent, at most, a
real time of 1 ms and is adjusted to become shorter as events change more rapidly (as, for
example, during an imposed depolarization, designed to mimic an electric shock stimulus of the
receptors). One millisecond seems to be a reasonable time step value for modelling events in.7
salamander neurons since action potentials in this animal last about 10 Ms.

In more formal mathematical terms, the manipulations described above are an example of the
use of a forward Euler method of numerical integration. For example, to evaluate the
mitral/granule reciprocal interaction we let the membrane potential of each cell be represented
by a vector; for the granule cell this is G such that:

(1) G = {g0 , gl .... gi ... gN }

where N is the number of granule cells. 0
In theame way, we let the membrane potential for each mitral cell be represented by another 0

vector M such that:

(2) M = {M0, ml,..m i ... mN)
rut ton/
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where Nm is the number of mitral cells.
Taking into account, for this example, only the change in membrane potential in these two

cell types and a membrane decay time constant for each cell, the membrane potential at time t
for granule cell i coupled to mitral cell j, will then be:ii

and the membrane potential for mitral cell i coupled to granule cell j will be:
-m - I M, + 1

weieCeTis the membrane decay constant for mitrals

is the membrane decay constant for granules

is the granule --> mitral coupling coefficient

CU is the mitral -- > granule coupling coefficient.

Such equations along with equivalent ones representing the connectivities, membrane proper-
ties, etc. for all of the other cells are integrated using the method described above and equations
for all parameters in all cells are calculated for each time step iteration. We generally calculate
sufficent numbers of iterations to represent 2 secs of real time. We have approached th _;se equa-
tions as an initial value problem, that is we start all membrane potentials at zero and introduce a
spontaneous firing rate in each of the cell types. The model is run using an explicit adaptive
step-size algorithm which, as mentioned earlier, adjusts the time step size (dt) according to the
slope of the function between points; the steeper the slope, the shorter the time step. The model
is allowed to first come to a steady state and is then subjected to a simulated stimulus in the form
of an electrical or odor-induced depolarization applied to the receptor cells as shown in Figs.
2,3,4 and 6,7.

For reasonable choices of coupling parameters, membrane time constants, firing rates, etc.,
the model is stable using Euler's integration method, which is, in essence, a linear extrapolation
from the present time point to the next one using the slope of the function. We are in the process
of evaluating other methods of integration such as, for example, a fourth order Runge-Kutta
technique, which examines two points behind and two points ahead of the point of interest, to
evaluate differences in efficiency and accuracy among the methods.

RESULTS
The output of the model is displayed in two formats. Fig. 2 shows displays of the values in

each cell of the arrays at various times after the beginning of the run (t = xx) in the form of gray
scale plots of the matrices. The displays on the left side of the figure represent the values in the
receptor cell matrix, with the matrix displayed to schematically represent the actual shape of the
ventral receptor sheet in the salamander. The displays on the right side of the figure represent the
values in the matrices of the various bulbar components; the periglomerular, glomerular, mitral,
and granule elements. The orientation of the bulbar layers in this display approximately con-
form to their orientation seen real voltage-sensitive dye images. The values in these displays
range above and below resting value which is shown by the mid gray value seen uniformly
throughout the receptor matrix at t = 530 ms. Gray values lighter than this represent depolariza-
tion (white represents spikes), darker grays represent hyperpolarizatirn.

In this trial a simulated electrical stimulus was applied to the locations shown on the
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"receptor sheet at t = 500 ms (first row, white squares). As shown at t = 530 ms, this stimulus
elicited depolarization of periglomerular cells (with spikes) and of glomerular elements. At t
546 ms depolarization appeared in mitral and granule cells and at t = 580, the granule cells
showed widespread depolarization and the mitrals hyperpolarized.

The second display format is shown in Figs. 3,4 and 6,7. These figures show the changes
in membrane potentiai for particular cells as if one were recording from them using an intracellu-
lar electrode. Recordings from one receptor cell (of 1000), one periglomerular cell (of 10), one
glomerular element (of 20), and one granule cell (of 1000) are shown at the tops of these figures.
Simulated recordings from all ten mitrals are shown toward the bottoms of the figures.

In Figs. 3 and 4 a simulated electrical stimulation was applied to receptor cells 300-700
at low and high intensities. With a low intensity, two spikes are elicited from the pg cell, and a
single spike is elicited in mitral cells 2-6 followed by a hyperpolarization. Fig. 4 shows that with
high intensity stimulation more spikes are elicited from pg's and mitral cells, a spike now ap-
pears in the granule cell, and the mitral hyperpolarizatioa is deeper and longer lasting. These
simulated responses are to be compared with real intracellular recordings from salamander mi-
tral/tufted cells shown in Fig. 5 (made by K.A. Hamilton in this lab). Notice that in these re-
cords, with more intense stimulation, more spikes and a deeper and longer lasting hyperpolariza-
tion are elicited.

In Figs. 6 and 7 a simulated, heterogeneously distributed odor stimulation at high and
low intensities is applied to the receptor matrix (see display of receptor matrix at bottom left of
each fig). Here the responses in the mitral cells are more complex than with electrical stimula-
tion, consisting of brief bursts of spikes, brief, slight hyperpolarizations, long lasting depolariza-
tions, and longer-lasting following hyperpolarizations. With higher intensity odor stimulation
there are actually fewer spikes elicited from mitral cells than with the lower intensity. These
responses are surprisingly similar to those observed in real intracellular recordings from
mitral/tufted cells at different odor intensities as shown in Fig. 8 (made by K.A. Hamilton in this
lab) and are consistent with the concept of concentration tuning we had previously developed on
the basis of extracellular studies.

We have been greatly encouraged by these results because we initially put into the model
parameters that made the most physiological sense in order to get results similar to those we had
obtained from the real system under conditions of electrical stimulation. Once the model func-
tioned with these parameters we then tested it with simulated odor stimuli and obtained the re-
suits shown here without manipulating the parameters. That is the model was not setup using
knowledge about the odor responses, but only using knowledge about the electrical responses;
only then was it tested for its odor responsivity. As one can see by comparing Figs. 6 and 7 with
Fig. 8, the similarity is striking.

We now think we have a reasonably good starting model with which to examine the
effects of manipulating a wide variety of physiological parameters such as the effects of chang-
ing synaptic efficacy using pharmacological agents.

PUBLICATIONS AND REPORTS (Year 1):
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Olfaction as a Model System for Computational Neuroscience. MIT Press. (in press).

White. J., Neff, S.N. Cinelli, A.R., Kauer, J.S. (1990) Modelling the salamander olfacto-
ry bulb: single cell and network interactions. Neurosci. Abst., abstract.
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